We report on the acid dissociation constants (Ka) of diglycolamic acid-type ligands together with comprehensive data on the extraction performance of N,N-dioctyldiglycolamic acid (DODGAA) for 54 metal ions. The pKa of the diglycolamic acid framework was determined to be 3.54 ± 0.03 in water (0.1 M LiCl, 25 C) by potentiometric titration, indicating that DODGAA is strongly acidic compared with acetic acid. DODGAA can quantitatively transfer various metal ions among the 54 metal ions through a proton-exchange reaction, and provides excellent extraction performance and separation ability for rare-earth metal ions, In(III), Fe(III), Hg(II), and Pb(II) among the 54 metal ions.
Introduction
Liquid-liquid extraction is an effective analytical method for the separation, purification, and removal of target metal ions (e.g. rare metal ions, toxic metal ions and radioactive fission products). The extractant plays a crucial role in determining the efficiency of the extraction and separation. To date, much effort has been devoted to the development of novel extractants, which perform better than commercial conventional extractants. [1] [2] [3] [4] [5] [6] Most approaches, however, involve rather laborious and elaborate synthetic processes requiring a few steps to obtain extractants with high extraction performance and separation ability for target metal ions. These methods are time-consuming and expensive for large-scale applications, and are far from ideal extraction systems for practical use. To this day, traditional extractants such as organophosphorus compounds and oxime-type compounds are still widely employed in practical extraction processes. Therefore, the development of simple, yet superior extractants relative to commercial extractants is a challenging task.
Recently, we developed N,N-dioctyldiglycolamic acid (DODGAA, Fig. 1 ), which is an acidic tridentate ligand with a carbamoyl group and a carboxy group connected by an ether chain. [7] [8] [9] [10] [11] [12] DODGAA can be synthesized simply and readily in a single step, which helps to reduce its production cost. Furthermore, this extractant only contains C, H, O and N atoms, and can potentially be used in residual-waste-free extraction processes because of complete decomposition by incineration to gaseous products (CHON principle). 2, 7 DODGAA is somewhat similar in structure to N,N,N′,N′-tetra(n-octyl)diglycolamide (TODGA), [13] [14] [15] [16] [17] but it is an ionizable extractant unlike TODGA. This is an advantage compared to neutral extractants because metal transfer can be simply controlled by the pH of the aqueous solution, and the process involves no anionic species. In previous studies, we reported that DODGAA provided better extraction performance and excellent separation ability for lanthanides 7, 8, 12 and lead ions 11 compared with conventional commercial extractants. DODGAA is a novel extractant, and therefore it is important to evaluate its chemical properties and extraction performance for other metal ions in an effort to expand its application range.
In this study, the acid dissociation constants (Ka) of the diglycolamic acid (DGAA) framework in water and in H2O-C2H5OH (1:1, v/v) were determined by potentiometric titration. N,N-diethyldiglycolamic acid (DEDGAA, Fig. 1 ), which is a water-soluble analogue of DODGAA, was used to determine the pKa of the DGAA framework in water. In addition, we comprehensively investigated the extraction of 54 metal ions using DODGAA, and collected basic data on the extraction performance and selectivity of DODGAA.
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Experimental
Reagents and chemicals
The metal salts and metal ion standard solutions used in this study were: LiNO3, NaNO3, KNO3, RbNO3, CsNO3, Mg(NO3) 26H2O All other regents were commercially available, of analytical grade, and used as received. Ultrapure water (18.2 MΩ·cm) was produced using a Direct-Q system (Millipore), which was used throughout this study.
Synthesis of DGAA derivatives
DODGAA was synthesized according to a published procedure. 7, 8, 12 The analogous ligand DEDGAA was synthesized as follows: diglycolic anhydride (5.0 g, 41 mmol) was dispersed in acetonitrile (15 mL) and diethylamine (3.5 g, 47 mmol) dissolved in acetonitrile (10 mL) was slowly added dropwise to the solution in an ice-bath. The mixture was stirred in the ice-bath for 2 h, followed by stirring at room temperature overnight. After the solvent was removed in vacuo, the resulting liquid was washed six times with hexane (total 45 mL), followed by removal of the remaining hexane in vacuo. The resulting viscous liquid was recrystallized from water to obtain DEDGAA as a white powder (3.46 g, 44.6% yield). 1 
Measurement of acid dissociation constants
Potentiometric titrations were performed using a glass electrode (Metrohm, 6.0150.100) and a double-junction Ag/AgCl reference electrode (Metrohm, 6.0726.100, 0.1 M LiCl in H2O or H2O-C2H5OH (1:1, v/v) as the inner-filling solution). 12, 18 The obtained titration curves were analyzed using a Bjerrum plot, which provides an excellent means for obtaining the conditional acid dissociation constants (Ka) from titration data. The ordinate, nH, was the average number of H + ions bound to a weak acid, and is defined as (moles of bound H + )/ (total moles of weak acid). The abscissa was pHc, which is equal to -log[H + ], where [H + ] denotes the H + concentration calculated from the EMF value of the electrode using a blank titration without the weak acid in the same medium. Best-fit curves were obtained by a non-linear least-squares fitting procedure with pKa used as an adjustable parameter.
Extraction procedure
Aqueous phases containing each metal ion were prepared with different pH values. The pH of the aqueous solutions was adjusted by the addition of either HNO3 or NaOH to a 10 mM 2-morpholinoethanesulfonic acid (MES) buffer. In the extraction tests of metal chlorides (Ru(III), Rh(III), Pd(II), Hf(IV), Ir(III), Pt(IV), and Au(III)), the pH was adjusted by the addition of HCl to a 50 mM sodium acetate buffer at a constant ionic strength of 0.1 M NaCl. (Caution: do not use the MES buffer for Au(III) extraction because MES can easily reduce Au(III) to Au(0). [19] [20] [21] ) In extraction tests of rare-earth metal ions, the pH was adjusted by dilution with HNO3 without a buffer. For Ag(I) and Hg(II) extraction, the contamination of aqueous solutions by chloride ions from the pH electrode was prevented. For all aqueous phases, stock solutions containing each metal salt were added to the aqueous solutions to give metal ion concentrations of 0.01 mM. An organic phase was prepared by dissolving DODGAA in isooctane containing 5 vol% 1-octanol as a solubilizer. Equal volumes of the organic and aqueous solutions were mixed and shaken mechanically at 25 C for 30 min to attain equilibrium. After separation of the two phases by centrifugation, the metal ions in the organic phase were back-extracted into equal volumes of 1 M HNO3. Stripping of Au(III) in the organic phase was carried out using 50 mM sodium acetate buffer (pH 5.8) containing 0.1 M NaCl. The concentrations of metal ions in the aqueous phase and the receiving phase were determined using inductively coupled plasma mass spectrometry (Hewlett Packard HP 4500 or PerkinElmer NexION 300) or inductively coupled plasma atomic emission spectrometry (SII NanoTechnology SPS 3500). The extractability was calculated using the following equations:
where E is the extractability calculated from the concentration of metal ions back-extracted from the organic phase, and E′ is the extractability calculated from the mass balance of metal ions before and after extraction. M n+ denotes metal ions, and the subscripts rec, aq and ini denote the receiving phase, the aqueous phase and the initial condition, respectively. The equilibrium pH values of the aqueous phases were also measured.
Results and Discussion
In a previous study, 12 we determined the pKa of DODGAA in H2O-C2H5OH (1:1, v/v) by potentiometric titration because DODGAA is insoluble in water. In this study, water-soluble DEDGAA was used to determine the pKa of the DGAA framework in water. From the titration curve of Fig. 2 , the pKa of DEDGAA was estimated to be 3.54 ± 0.03 in water (0.1 M LiCl, 25 C). This result indicates that the DGAA framework is more acidic than acetic acid (pKa = 4.56 in water with an ionic strength of 0.1 M at 25 C), although both ligands incorporate a carboxylic acid. The strong acidity of the DGAA framework may be advantageous for coordinative and electrostatic interactions with metal ions. Conversely, it was confirmed that the pKa of DEDGAA in H2O-C2H5OH (1:1, v/v) was 4.04 ± 0.03 (0.1 M LiCl, 25 C), which is equivalent to that of DODGAA under the same conditions (pKa = 4.11 ± 0.01). The acidity of the DGAA framework is independent of the length of the ligand's alkyl chain, and it is stronger in water than in H2O-C2H5OH (1:1, v/v). Figure 3 shows the extraction behavior of 54 metal ions using DODGAA as a function of the pH in the aqueous phase. For the alkali metal ions (group-1 elements) very little is transferred to the organic phase. The interaction between DODGAA and the alkali metal ions is probably very weak, and the hydration waters of the alkali metal ions were not sufficiently removed. This is likely because the alkali metal ions cannot be coordinated to multiple molecules of DODGAA to neutralize their monovalent cationic charge. Therefore, less hydrophobic metal complexes are formed. For the alkaline-earth metal ions (group-2 elements) the extractability of the metal ions increased with an increase in the pH, and quantitative extraction was achieved in weakly acidic solutions. DODGAA had the following selectivity for the alkaline-earth metal ions: Ca(II) > Sr(II) > Ba(II) > Mg(II). By analyzing the extraction data, a slope analysis was conducted as a function of the equilibrium pH in the aqueous phase (data not shown). The slopes of the logarithmic distribution ratio versus pH were approximately 2 for the alkaline-earth metal ions, except for Mg(II), suggesting that two protons from the DODGAA molecules were released to the aqueous phase to form neutral complexes with divalent alkaline-earth metal ions through a proton-exchange reaction. The slope for Mg(II) was 1.33, likely because the hydrolysis of Mg(II) partially occurred in the pH range of the extraction. 22 For the rare-earth metal ions (group-3 elements) DODGAA showed a remarkably high extraction performance while being selective toward the heavier rare-earth metal ions. In addition, the extraction performance of DODGAA was much higher for rare-earth metal ions compared with the other metal ions tested in this study. DODGAA is expected to be useful for the separation of rare-earth metal ions from foreign metal ions 9,10 as well as the mutual separation of individual rare-earth metal ions from each other. 7, 8, 12, 23 The extractability of Sc(III) gradually increased compared with that of the other rare-earth metal ions. In fact, the slopes of the logarithmic distribution ratio versus the pH were approximately 3 for all rare-earth metal ions, except for Sc(III), and the slope for Sc(III) was 1.08, which is not equivalent to the valence of Sc(III). It is likely that hydroxylated Sc(OH)2 + is involved in the extraction. 22 For the group-4, 5 and 6 elements, the maximum extractabilities of Ti(IV), V and Cr(III) were approximately 20, 30, and 75%, respectively. Zr(IV) and Hf(IV) showed notable differences between the extractability E and E′, indicating that the concentrations of Zr(IV) and Hf(IV) in the aqueous phase decreased throughout the extraction operation. However, the metal ions were not sufficiently back-extracted from the organic phase. This phenomenon likely comes from aggregation of the extracted complexes at the liquid-liquid interface, or from precipitation by the hydrolysis of the metal ions. 22 The partitioning between Nb(V), Mo, Ta(V) and W(VI) was negligibly small. For Mn(II), Fe(III), Co(II), Ni(II) and Cu(II), DODGAA quantitatively extracted the metal ions from mildly acidic solutions with the following selectivity: Fe(III) >> Cu(II) >> Mn(II) > Co(II) > Ni(II). The slopes of the logarithmic distribution ratio versus the pH for each metal ion were consistent with the valence of the corresponding metal ions. Regarding the noble metal ions, Pd(II) and Ru(III) were quantitatively transferred to the organic phase with DODGAA. Approximately 20% of Ag(I) and very little Rh(III), Ir(III) and Pt(IV) were extracted. Surprisingly, the efficiency of Au(III) extraction using DODGAA was reduced with increasing pH. The extraction behavior of Au(III) was markedly different from that of the other metal ions. Although the reason for this observation is unclear, we postulate that DODGAA can act as a neutral tridentate extractant under highly acidic conditions, and can extract AuCl4 -accompanied by H + or H3O + as a counter-cation to form ion pairs, like TODGA. 24 For the group-12 elements and Pb(II), quantitative partitioning was observed for all of the metal ions, and DODGAA showed the following selectivity for the metal ions: Hg(II) > Pb(II) >> Cd(II) > Zn(II). We confirmed that Hg(II) transfer with DODGAA was lower when the aqueous phase was contaminated by chloride ions. The slopes of the logarithmic distribution ratio versus pH were 0.96 for Hg(II) and approximately 2 for Pb(II), Cd(II) and Zn(II), which is consistent with the valence of the corresponding metal ions, except for Hg(II). For the group-13 elements, DODGAA enabled the quantitative partitioning of Al(III), Ga(III) and In(III), and approximately 25% of the Tl(I) was extracted with DODGAA selectively transferring the group-13 elements as follows: In(III) > Ga(III) > Al(III) >> Tl(I). The slopes of the logarithmic distribution ratio versus the pH for In(III), Ga(III) and Al(III) were 1.89, 2.23 and 2.66, respectively. The inconsistent slopes are likely caused by hydrolysis of the metal ions. 22 Based on the extraction data described above, the 54 metal ions are classified in the following seven groups and the pH values (pH0.5) at which the extractability is 50% are given in brackets [pH0. 
Conclusions
The extraction characteristics of DODGAA for 54 metal ions were comprehensively investigated.
Based on the basic extraction data obtained in this present study, we conclude that DODGAA possesses great potential for the following applications: (i) the separation of rare-earth metal ions from base metal ions, such as Fe(III), Cu(II) and Zn(II); (ii) the mutual separation of individual rare-earth metal ions from each other; (iii) the selective recovery of Pd(II) from Pt(IV) and Rh(III); (iv) the removal of toxic metal ions, such as Hg(II) and Pb(II); (v) the separation of In(III) from the group-13 elements. DODGAA has a simple molecular structure but is a promising extractant and is versatile in the extraction separation of metal ions. In the future it is envisaged that DODGAA will be used in research and in chemical industries as an alternative to conventional extractants.
